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Effect of metabolic acidosis On renal brushborder membrane
adaptation to low phosphorus diet
STEPHEN A. KEMPSON
Renal-Electrolyte Division, Department of Medicine, University of Pittsburgh, Pittsburgh, Pennsylvania
Effect of metabolic acidosis on renal brushborder membrane adapta-
tion to low phosphorus diet. In previous in vitro studies the level of
oxidized nicotinamide adenine dinucleotide (NAD) in renal cortex
changed parallel to changes in gluconeogenesis and NAD inhibited
phosphate transport by renal cortical brushborder membrane (BBM)
vesicles. To determine whether or not changes in renal gluconeogenesis
in vivo were accompanied by altered renal handling of phosphate,
possibly related to NAD action on BBM phosphate transport in vivo,
renal gluconeogenesis was stimulated in rats by metabolic acidosis.
Chronic acidosis in rats previously adapted to low phosphorus diet was
associated with increased U1V (controls, 68 19; acidotic, 1055 428
nmoles/mg creatinine; P < 0.05) without changes in plasma phosphate
and creatinine (Cr) and in U-V compared to controls. The initial rate
of sodium gradient-dependent transport of phosphate by renal cortical
BBM vesicles was lower in acidotic TPTX rats compared to TPTX
controls (controls, 3.10 0.16; acidotic, 1.50 0.06 nmole!mg protein/
0.5 mm; P < 0.001), attributed to a decrease in the apparent V,,,ax. In
renal cortex, gluconeogenesis and the NAD/NADH ratio were in-
creased in acidosis. Decreased BBM transport of phosphate in proximal
tubules of acidotic rats may explain the increased U1V. This change
indicates reversal of the adaptation of the BBM phosphate transport
system to dietary phosphorus deprivation and may be related to
increases in gluconeogenesis and the NAD/NADH ratio in renal
cortex.
Effets de l'acidose métabolique sur l'adaptation des membranes de
bordures en brosse rénale au régime pauvre en phosphore. Dans des
etudes in vitro antérieures Ia quantité de nicotamide adénine dinucléo-
tide oxydé (NAD) dans Ic cortex renal se modiflait parallelement aux
changements de Ia gluconéogenese, et Ic NAD inhibait le transport de
phosphate dans des vésicules de membranes de bordure en brosse
(BBM) de corticale rénale. Afin de determiner si les modifications de Ia
gluconeogenese rbnale in vivo s'accompagnent cl'une alteration de
l'élimination rénale des phosphates, peut-être en rapport avec l'effet du
NAD sur le transport des phosphates dans les BBM in vivo, Ia
gluconeogenese a été stimulée chez des rats par une acidose métabo-
lique. L'acidose chronique chez des rats prealablement adaptes a un
régime pauvre en phosphore était associée a une élévation de U1,,V
(contrôles, 68 19; acidotiques, 1055 428 nmoles/mg créatinine; P <
0,05), sans modification de Ia phosphatemie, de Ia créatininémie (Cr) ni
de UcrV par rapport aux contrôles. La vitesse initiale do transport de
phosphate dépendant d'un gradient de ion de sodium dans les vésicules
de BBM de corticale rénale était plus faible chez des rats TPTX
acidotiques par rapport aux contrôles TPTX (contrôles, 3,10 0,16;
acidotiques, 1,50 0,06 nmole/mg protéine/0,5 mm, P < 0,001), par
diminution de Ia Vmax apparente. Dans le cortex renal, Ia gluconeogen-
èse et le rapport NAD/NADH était augmenté dans l'acidose. La
diminution du transport des phosphates dans les BBM de tubules
proximaux de rats acidotiques pourrait expliquer l'augmentation de
U1V. Cette modification indique Ia réversibilité de l'adaptation du
système de transport des phosphates par les BBM après diminution du
phosphore alimentaire, et pourrait étre en rapport avec les élévations de
la gluconeogenese et du rapport NAD/NADH dans le cortex renal.
A rapid decline in urinary excretion of inorganic phosphate
(UV), accompanied by a marked increase in urinary excretion
of calcium (UaV), is a characteristic feature of renal adaptation
to dietary deprivation of phosphorus in both man [11 and
experimental animals [2, 3]. Because the bulk of filtered phos-
phate (Pi) is reabsorbed in the proximal tubule [4], it is likely
that increased Pi reabsorption in the proximal tubule is a major
factor contributing to the antiphosphaturic response of the
kidney to low phosphorus diet (LPD) [5, 6]. The stimulus which
modulates tubular Pi reabsorption in response to LPD is not
known, but parathyroid hormone (PTH), calcitonin, thyroid
hormones, growth hormone, and vitamin D are not of primary
importance because renal adaptation to LPD occurs in the
absence of these hormones [2, 7—101.
The initial step in proximal tubular reabsorption of Pi is
sodium gradient-dependent transport across the luminal brush-
border membrane (BBM), and this is enhanced markedly in
LPD animals [7, 8, 11] suggesting that increased BBM transport
of Pi is an important adaptive change and one which may well
be a factor determining the increased transtubular transport of
Pi. At the cellular level, gluconeogenesis and oxidized nicotin-
amide adenine dinucleotide (NAD) in cytoplasm may play an
important role in the regulation of Pi transport across the BBM
[121. This proposal is based on the following recent observa-
tions from separate studies: The proximal tubule is the predomi-
nant nephron segment involved in gluconeogenesis [13, 14]; an
increase in the rate of gluconeogenesis is accompanied by a
parallel change in the cytoplasmic NAD level [15]; and an
increase in renal cortical NAD coincides with inhibition of
sodium gradient-dependent Pi transport by BBM vesicles [12].
The proposed mechanism is that cytoplasmic NAD can inter-
act with the luminal BBM to inhibit Pi transport, and the degree
of inhibition is dependent on the cytoplasmic content of NAD
which may be modulated by the rate of gluconeogenesis and
perhaps other cytoplasmic pathways. This hypothesis may
explain the significance of the stimulation of renal gluconeogen-
esis by certain phosphaturic stimuli such as PTH [16], and the
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inhibition of gluconeogenesis by antiphosphaturic stimuli such
as LPD [17].
In this study renal gluconeogenesis was stimulated in vivo in
LPD rats by induction of metabolic acidosis [13, 181, and the
effect on BBM transport of Pi was determined. According to the
above hypothesis, an increase in gluconeogenesis should pro-
duce, via increased cytoplasmic NAD, a decrease in BBM
transport of Pi. Such a response in LPD animals would suggest
indirectly that the depressed rate of renal gluconeogenesis in Pi
deprivation [171 may be an important factor contributing to the
adaptive increase in BBM transport of Pi.
Methods
Experimental design. Male Sprague-Dawley rats (250 to 300
g) were used in all experiments. Surgically thyroparathyroidec-
tornized (TPTX) rats were obtained from Charles River Breed-
ing Laboratories, Wilmington, Massachusetts, and were used
on day 3 after surgery. At this time the plasma calcium levels in
the TPTX rats were 1.62 0.06 m (mean SEM, N = 20),
significantly lower (P < 0.001, group t test) compared to levels
of 2.56 0.02 mrvi (N = 11) in sham-operated controls from the
same supplier.
At the start of day 1 of the experimental protocol, the rats
were housed individually in metabolic cages and were fed
commercial low phosphorus diet (LPD) containing 0.03% phos-
phorus (ICN Nutritional Biochemicals, Cleveland, Ohio). The
animals were allowed unlimited access to water contained in
liquid diet feeding tubes (Bio-Serv Inc., Frenchtown, New
Jersey) to allow accurate monitoring of fluid intake. Urine
samples were collected under mineral oil every 24 hr, and at the
end of day 3 the rats were divided into two groups which did not
differ in body weight or urinary excretion of Pi [7]. Metabolic
acidosis was induced in the experimental group by allowing ad
lib drinking of 0.28 M ammonium chloride for days 4 to 6 while
the control group continued to drink water. Because food intake
is diminished during metabolic acidosis [191, the two groups
were pair-fed LPD during days 4 to 6; any rat eating less than 3
g food per day was excluded from the experiment to avoid using
fasting animals [7]. Previous studies [201 showed that rats eating
at least 3 g of LPD each day maintained renal adaptation to the
LPD. On day 6 the body weight of control and experimental rats
was not significantly different; the mean body weight (±sEM) of
controls was 305 19 g (N = 10) compared to 315 21 g (N =
9) for the experimental group.
At the end of day 6 the rats were anesthetized lightly with
ether; blood was drawn from the abdominal aorta into a
heparinized glass syringe. The kidneys were removed and the
renal cortex was dissected rapidly from the medulla. Part of the
renal cortical tissue was snap-frozen (within 30 sec after remov-
al of the kidneys from the animal) by clamping between
stainless steel tongs precooled in liquid nitrogen; the frozen
tissue was stored under liquid nitrogen until extraction and
analysis were performed [12]. The remaining renal cortex was
placed into ice-cold 154 m sodium chloride, 1 mrvi Tris-
HEPES (pH 7.5), and was used immediately for preparation of
a BBM fraction or for measurement of renal gluconeogenesis.
In some experiments the left kidney of each rat was exposed
and freeze-clamped in situ in the rat, and then was processed
identically to snap-frozen cortex.
Experiments to dissociate possible effects of ammonium ions
per se from the effects of metabolic acidosis were conducted as
described above except that the experimental rats drank 0.14 M
(NH4)2CO3. Fluid intake, expressed as ml/24 hr/rat, was 26 3
(mean sEM) for (NH4)2C03 rats and was not different from
the value of 28 2 for ammonium chloride rats indicating that
both groups received the same load of ammonia.
Preparation of a BBM fraction and transport measurements.
BBM fractions were prepared from homogenized rat renal
cortex by the calcium precipitation procedure described in
detail and used in previous studies [7, 12, 20, 21]. The identity
and purity of the BBM vesicle preparations were established
routinely by assaying the activities of appropriate marker
enzymes as previously done [7, 12, 20] and were not different
between control and experimental groups. Transport by BBM
vesicles was measured by the procedure described elsewhere
[7, 12, 20—22]; briefly, sodium gradient-dependent uptake of Pi,
D-glucose, and L-proline was determined by incubating BBM
vesicles at 20°C in a medium of (final concentrations) 100 mM
sodium chloride, 100 mM mannitol, 5 mM Tris-HEPES (pH 8.5)
containing 0.1 m K2H32PO4, or 0.05 mM D-[3H1-glucose, or
0.025 mM L-[3H1-proline. Uptake was terminated by the rapid
addition of a large volume of ice-cold 135 m sodium chloride,
10 mivi arsenate, 5 mM Tris-HEPES (pH 8.5) followed by
filtration through a 0.65 m millipore filter. The sodium-
independent uptake was measured by replacing sodium chloride
in the incubation medium with 100 m potassium chloride.
Uptake of sodium was determined by an identical procedure;
the incubation medium contained 100 mrvt mannitol, 5 ms Tris-
HEPES (pH 8.5), and 100 mrvi 22NaCI; the stopping solution
was 150 m magnesium sulfate, 5 mrvi Tris-HEPES (pH 8.5).
Determination of Pi transport under nongradient conditions was
achieved by pre-equilibrating BBM vesicles with sodium [11,
21, 231 as follows: The BBM vesicle fraction was washed twice
in 100 m sodium thiocyanate, 100 m'vi mannitol, and 5 mM
Tris-HEPES (pH 8.5) and was incubated in the same medium
for 2 hr at 20°C. Uptake of Pi was then determined using the
standard procedure by incubating the vesicles in 100 mM
sodium thiocyanate, 100 mrvi mannitol, 5 m'vi Tris-HEPES (pH
8.5), and 0.1 mM K2H 32P04 [22]. All solutions for preparation
of BBM and for transport studies were filtered on the day of
use.
Measurement of gluconeogenesis. Renal gluconeogenesis
was determined as the rate of glucose production by slices of
renal cortex using the procedure described by Klahr [24] as in a
previous study [15]. Thin slices of renal cortex prepared with a
Stadie-Riggs tissue slicer were placed in ice-cold Krebs-Ringer
buffer (KRB) composed of the following: 127.2 mrvi sodium
chloride, 4.0 mM potassium chloride, 1 m calcium chloride,
1.4 mM magnesium chloride, 2.4 mrvi NaH2PO4, pH adjusted to
7.4 with sodium hydroxide. The slices were rinsed, transferred
to fresh KRB, and incubated with shaking at 37°C for 60 mm
with 100% oxygen continuously passed through the solution. At
the end of this period the slices were collected, blotted dry,
weighed, and distributed among incubation flasks (150 to 200
mg tissue/flask) containing 25 ml fresh KRB with or without 10
mM a-ketoglutarate. The slices were incubated as before for a
further 60 mm, and then 2-ml samples of the incubation medium
were deproteinized by the addition of perchloric acid (final
concentration 0.6 N); the acid extracts were analyzed for
glucose. As controls, to correct for substrate interference in the
colorimetric glucose assay, flasks containing only incubation
medium were processed in parallel in an identical manner.
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Table 1. Acid-base status and plasma phosphorus, calcium and
creatinine
Contro1 group Experimental group
Blood pH 7.44 0.03 7.33 003b
Pco2, mm Hg 39.1 2.7 30.3 1.7k'
HCO3, mEq/liter 25.0 0.5 15.4 0.7"
Plasma P, mM 1.62 0.14 1.53 0.11
Ca, mM 2.74 0.07 2.63 0.04
Creatinine, mg/dl 0.90 0.02 0.82 0.04
a Values are mean SEM obtained from nine animals at the end of
day 6 of the experiment.
b Values are significantly different compared to controls (P < 0.02 or
higher level of significance, group t test).
Determination of NAD content of renal tissue. Acidic and
alkaline extracts of snap-frozen tissue were prepared using
perchioric acid and alcoholic potassium hydroxide [25], respec-
tively, as in a previous study [12]. Oxidized NAD (NAD) in
the acid extract and reduced NAD (NADH) in the alkaline
extract were assayed immediately, after neutralization, by the
procedures described by Klingenberg [25]. The assay method
for NAD is based on the reduction of NAD by alcohol
catalyzed by alcohol dehydrogenase. The reaction mixture
contained 50 m sodium pyrophosphate (pH 8.8), 22 mM
semicarbazide, 100 mM ethanol, and neutralized acidic extract
in a total volume of 1.0 ml. The reaction was started by the
addition of 10 1td of yeast alcohol dehydrogenase solution
containing 2 U activity/mi. The reaction was complete after
incubation for 10 mm at 25°C, and the increase in absorbance at
340 nm was linear in the concentration range of 10 to 100 nmoles
of NAD. Assay of NADH utilizes oxidation of NADH by
dihydroxyacetone phosphate catalyzed by c-glycerophosphate
dehydrogenase. The reaction mixture (1.0 ml final volume)
contained 0.5 mrvi dihydroxyacetone phosphate, 50 mrvi sodium
phosphate buffer (pH 7.5), and neutralized alkaline extract. The
reaction was started by addition of 10 l of a solution of rabbit
muscle cs-glycerophosphate dehydrogenase containing 10 U
activity/mi. The reaction was complete after incubation for 2
mm at 25°C, and the decrease in absorbance at 340 nm was
linear in the range 10 to 100 nmoles of NADH. Both the NAD
and NADH contents of renal cortex were always determined in
the same animal.
Other assays. Perchloric acid extracts of the incubation
medium from gluconeogenesis experiments were neutralized
with potassium hydroxide and centrifuged. The glucose content
of the clear supernatants was measured with the glucose
oxidase reagent described by Dahlqvist [26]. The absorbance of
the final reaction product at 420 nm was linear in the concentra-
tion range 10 to 200 nmoles of glucose. Protein in tissue
fractions was determined by the method of Lowry et a! [27].
Arterial blood Pco2 and blood pH were measured with a blood
gas analyzer (Blood Micro System, type BMS2, The London
Company, Westlake, Ohio). Bicarbonate concentration was
calculated by the Henderson-Hasselbalch equation. Plasma and
urine were analyzed for Pi by the method of Chen, Toribara,
and Warner [281, and for creatinine by a colorimetric procedure
[29]. Calcium in plasma and urine was measured on an autoana-
lyzer (Technicon Instruments Corp., Tarrytown, New York) by
the method of Giteiman [30].
Materials. [32P]-phosphate, 22NaCl and L-[2,3 ,4,5-3H]-pro-
line were purchased from New England Nuclear (Boston,
Massachusetts), and D-[6-3H]-glucose was from the Amersham
Corporation (Arlington Heights, Illinois). All enzymes and
biochemicals, of the highest purity grades, were purchased
from Sigma Chemical Co. (St. Louis, Missouri).
All analyses were run in duplicate or triplicate. All enzyme
assays were carried out under conditions in which the reaction
rate was linear with respect to both time and protein content;
these conditions were established in preliminary experiments.
Control and experimental animals were always processed
simultaneously. Likewise, all analyses, assays, transport mea-
surements and determination of gluconeogenesis were done
simultaneously on control and experimental material. The re-
sults were evaluated statistically by Student's t test for group
comparisons. Values of P > 0.05 were not considered
significant.
Results
Induction of chronic metabolic acidosis by ammonium chlo-
ride loading is indicated by the findings on day 6 that the
experimental rats had significantly lower blood pH, Pco2, and
bicarbonate concentration compared to the control group (Ta-
ble 1). Plasma levels of phosphorus, calcium, and creatinine
were not significantly different between control and acidotic
animals (Table 1).
After day 3 of the experiment Up1V and UcaV, expressed
relative to urinary creatinine excretion, were not significantly
different between the two groups. After day 6, however, the
experimental (acidotic) group had higher U,V and lower UaV
compared to the control rats (Fig. 1). Urinary excretion of
creatinine (UcrV) on day 3 was not significantly different
between the groups. On day 6, UrV in the acidotic rats tended
to be slightly lower (-27%) compared to controls, but the
difference was not statistically significant and could not account
for the 16-fold increase in the UpjV/UcrV ratio compared to
controls (Fig. 1). The onset of the phosphaturia in the same
group of ammonium chloride-treated rats was apparent by day
5, after 2 days on ammonium chloride, but not by day 4 (Fig. 2).
When TPTX rats were used there were similar changes in U1V
and UcaV: After day 6, U,V (nmoles/mg Cr) was 996 327 in
acidotic rats and was significantly higher compared to 36 9 in
controls (mean SEM, N = 9, P < 0.02), while UaV (tmole/
mg Cr) was 33 8 in the acidotic group, significantly lower
compared to 60 6 in control rats (N = 9, P < 0.02).
Sodium gradient-dependent transport of Pi by isolated renal
BBM vesicles was measured on day 6 of the experiment and
was lower at the initial phase of the overshoot (measured at 0.25
and 0.5 mm) and also at the peak of the overshoot (at 1.0 mm) in
acidotic rats compared to controls (Fig. 3). The uptake at
equilibrium (at 120 mm) was similar in both groups. Sodium-
independent Pi transport by the vesicles was not different
throughout the time course. In separate aliquots of the same
preparations of BBM vesicles, sodium gradient-dependent
transport of D-glucose was not different between control and
acidotic rats either at the initial and peak phases of the
overshoot or at equilibrium (Fig. 3). Sodium-independent D-
glucose uptake also was not different between groups.
When Pi transport was measured under nongradient condi-
tions, by pre-equilibrating vesicles with sodium, the uptake at 1
and 5 mm was lower by 40 to 50% in BBM vesicles from
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Day3 Day6
Fig. 1. Urinary excretion of phosphate, calcium, and creatinine in
control (C) and experimental (E) groups on days 3 and 6. Day 3 is the
last day of the period during which both groups drank water, and day 6
is the last day of the period during which the experimental group drank
0.28 M NH4CI. The rats were fed a low phosphorus diet throughout the
experiment. Bars represent the mean SEM of nine rats in each group.
Abbreviations: Cr, creatinine; Pi, inorganic phosphate, UV and UV
are expressed per Cr excretion over the same 24-hr period.
acidotic rats (Fig. 4). By 20 mm the difference between groups
was less marked and the uptake approached a steady state. At
120 mm (data not shown) the uptake was similar in both control
and acidotic groups.
In agreement with the studies on intact rats, measurement of
sodium gradient-dependent Pi transport in TPTX rats revealed
that the initial uptake, determined at 0.5 mm, was significantly
lower in acidotic rats compared to controls, and that there were
no significant differences in uptake at equilibrium (Fig. 5). In
addition, in the same BBM vesicle preparations, both the
sodium gradient-dependent uptake of L-proline and the trans-
port of sodium itself were not significantly different between the
two groups at either 0.5 mm or 120 mm (Fig. 5).
Kinetic analysis of the sodium gradient-dependent Pi uptake
at 0.5 mm was performed by incubating BBM vesicles in
various concentrations (0.05 to 1.0 mM) of P1 ill, 21—23].
Double-reciprocal plots revealed a high correlation of the data
with a straight line for both groups (Fig. 6) indicating that the
transport process obeys Michaelis-Menten kinetics. The appar-
ent K in control rats was 62 5 LM (mean SEM; N = 3 BBM
*
N H4 CI
treated
Time, days on
low phosphorus diet
Fig. 2. Time course of increase in urinary excretion of phosphate (U,V)
during NH4CI treatment. As indicated by the arrow, the experimental
rats drank 0.28 M NH4C1 after the end of day 3 until the end of the
experiment. Each point is the mean SEM from nine rats. The asterisk
represents a significant difference from controls on the same day (P <
0.05, or higher level of significance, group t test).
preparations) and was not significantly different to 65 3 p'i in
acidotic rats (N = 4). However, there was a highly significant (P
< 0.005) decrease in the apparent Vmax (nmole/mg protein/0.5
mm) from 6.2 0.5 in controls to 3.3 0.2 in the acidotic rats.
On day 6 the basal rate of renal gluconeogenesis, measured in
the absence of added substrate, was very low and was not
significantly different between controls and acidotic rats (Table
2). There was marked stimulation of gluconeogenesis by a-
ketoglutarate and, as expected, both the overall rate of gluco-
neogenesis and the increase over basal were greater in slices
from the acidotic group. Similar data were obtained in the
TPTX rats; gluconeogenesis in the presence of a-ketoglutarate
was 8.3 1.1 xmo1es glucose/g tissue/hr in controls (mean
SEM, N = 3) compared to 19.0 2.1 in acidotic rats (N = 3, P <
0.025).
The NAD/NADH ratio in snap-frozen renal cortex was
higher in acidotic rats while the total tissue NAD content
(NAD + NADH) was not significantly different between the
two groups. Thus, the proportion of total NAD present as
NAD was higher and the proportion present as NADH was
lower in the acidotic group compared to the controls (Table 3).
Similarly, the NAD/NADH ratio measured in kidneys freeze-
clamped in situ in separate experiments was higher in acidotic
rats compared to controls. The ratio was 2.31 0.32 for control
rats (N = 6) compared to 3.41 0.25 for the acidotic group (N
= 7, P < 0.02), and the total NAD content was not different
between the groups.
None of the changes described above in ammonium chloride-
loaded rats were present in rats given (NH4)2C03. The acid-
base status, UpV and UCAV, BBM vesicle uptake of Pi, renal
gluconeogenesis, and NAD/NADH ratio were not significant-
ly different between control and (NH4)2C03-loaded groups.
Discussion
In the acidotic rats plasma Pi, plasma creatinine, and UrV
were not different from controls; these observations suggest
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Fig. 3. Transport of phosphate and D-glucose
by isolated rat renal BBM vesicles. Acidosis
was induced in rats by NH4C1-treatment for 3
days. The vesicles were prepared from renal
cortex pooled from three rats in each group.
BBM transport in the two groups was
compared on the same day, and the uptake at
each time point is the mean SEM of
triplicate measurements. Circles represent
sodium gradient-dependent transport by BBM
vesicles from control (0) and acidotic (•)
animals. Squares represent the sodium-
independent component of Pi or D-glucose
uptake which was measured when sodium
chloride in the incubation medium was
replaced by potassium chloride. The lines for
sodium independent transport in the control
and acidotic groups overlap and only one set
120 of points (LII) is shown.
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Fig. 4. Phosphate uptake by renal BBM vesicles pre-equilibrated with
sodium. The uptake at each time point is the mean SEM of triplicate
measurements of one BBM preparation from control (0) and acidotic
(I) rats compared on the same day.
that the increased UpV in the acidotic group is due to decreased
tubular reabsorption of Pi as indicated by recent clearance and
micropuncture studies [31, 32]. The finding that UaV de-
creased in the acidotic rats eliminates the possibility that the
increase in UpV in these rats was due to a generalized
impairment of tubular reabsorptive processes and, further,
indicates that chronic metabolic acidosis reversed both the
hypophosphaturia and hype rcalciuria which are typical features
of renal adaptation to a LPD.
The effects of metabolic acidosis on Up,V and on BBM
transport of Pi in intact rats were reproduced when TPTX rats
were made acidotic, and this eliminates not only PTH but also
calcitonin and thyroid hormones as the principal cause of the
decreased Pi reabsorption in acidotic rats. Likewise, ammoni-
urn ions per se are unlikely to be the cause of the changes in
renal Pi handling because UpV and BBM transport of Pi were
not altered in rats given (NH4)2C03.
BBM vesicles isolated from renal cortex are derived exclu-
sively from the proximal tubules, and studies on Pi uptake by
isolated BBM vesicles provide direct measurement of the initial
step in transtubular reabsorption of Pi by the proximal tubules.
The decreased tubular Pi reabsorption in acidotic rats may be
0 10 20
Incubation time, mm
attributed in part to a decrease in sodium gradient-dependent
transport of Pi across the BBM of the proximal tubule. The
change in BBM transport is specific for Pi because uptake of D-
glucose and uptake of L-proline, which are also sodium gradi-
ent-dependent processes, were not significantly different be-
tween control and acidotic groups at 0.5 mm. The BBM uptake
of Pi, D-glucose and L-proline at the equilibrium point (120 mm)
was similar in both groups indicating that intravesicular space in
BBM preparations from acidotic rats was not different from
controls. Thus, decreased initial uptake of Pi by BBM vesicles
from acidotic rats is not due to decreased vesicle size. Because
the rate of Pi uptake is dependent on the transmembrane
sodium gradient [21], the decreased BBM transport of Pi in
acidotic rats might occur because the primary effect of metabol-
ic acidosis is to induce faster dissipation of the initial sodium
gradient. This was examined by direct measurement of 22Na
uptake in different aliquots of the same BBM vesicle prepara-
tions in which transport of Pi and L-proline also was measured
(Fig. 5). Transport of sodium was not different between the two
groups indicating that the changes in Pi uptake by vesicles from
acidotic rats cannot be attributed to changes in dissipation of
the sodium gradient. It is possible that only a small change in
sodium uptake, not statistically significant, could dissipate the
sodium gradient sufficiently to cause decreased uptake of co-
transported solutes. However, even in the absence of a trans-
membrane sodium gradient the BBM vesicle uptake of Pi was
decreased in acidotic rats compared to controls, confirming the
conclusion that metabolic acidosis induces a specific change in
the BBM transport system for Pi.
The kinetic studies indicate that the apparent Vmax of the Pi
transport system was reduced by almost 50% in acidotic rats
while the apparent Km was not significantly different from
controls. Another phosphaturic stimulus, PTH, also decreased
the apparent Vmax rather than the apparent Km of the BBM
transport system for Pi [23]; antiphosphaturic stimuli such as
LPD, growth hormone, and TPTX cause an increase in Vmax
without changing the Km [11, 23]. Thus, several different
maneuvers known to alter tubular Pi reabsorption probably
exert this effect, at least in part, by modulating the maximum
velocity of Pi transport across the luminal BBM of the proximal
tubule.
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Fig. 6. Double-reciprocal plot of sodium gradient-dependent transport
of phosphate by renal BBM vesicles from thyroparathyroidectomized
rats. Uptake of [32p1-phosphate at 0.5 mm was measured at various
concentrations (range 0.05 to 1.0 mM) of Pi in the incubation medium.
The uptake at each Pi concentration is the mean SEM of three to four
different BBM preparations. Control (0) and acidotic (I) rats were
compared on the same day.
The pH dependency in vitro of Pi transport by renal BBM
vesicles has been studied in detail in two recent reports [21, 33]
that showed a decrease in the pH of the incubation medium
from 8,5 to'6.0 caused a decrease in BBM transport of Pi. These
investigators concluded that decreased Pi uptake at low pH
values was due in part to a direct effect of pH changes on the
transport system itself. If the Pi transport system in BBM in
vivo exhibits the same pH sensitivity and if, during metabolic
acidosis, it is exposed to a fall in pH then this may explain some
of the decrease in Pi reabsorption across the BBM and the
increase in UpV in acidotic rats. However, because pH-
induced changes are usually reversible, provided extremes of
pH are avoided, comparison of Pi transport by isolated BBM
vesicles from control and acidotic rats at the same pH in vitro
would eliminate any changes induced in acidotic rats by low pH
in vivo. Because Pi transport was decreased in BBM vesicles
from acidotic rats, it is implied that a more persistent change is
Fig. 5. Sodium gradient-dependent transport
of phosphate and L-proline and transport of
sodium by renal BBM vesicles from
thyroparathyroidectomized rats. Transport
was measured at 0.5 mm, representing the
initial phase of uptake, and at 120 mm
representing the uptake at equilibrium. Bars
represent the mean SEM of three to four
different BBM preparations. Control and
acidotic groups were always compared on the
same day.
induced in the BBM during acidosis, and while it is not possible
to completely rule out a direct pH effect on BBM in acidotic
rats, it is unlikely that this is the major reason for the decrease
in Pi reabsorption across BBM in vivo. Likewise a change in the
ratio of monovalent to divalent ions in tubular fluid in acidotic
rats, assuming that one form of Pi may be preferentially
transported [21, 33, 34], cannot be excluded completely from
contributing to decreased tubular reabsorption in vivo, but the
persistence of the change in Pi transport by BBM when
compared with controls at the same pH in vitro indicates that
this is not the principal mechanism by which Pi transport by
BBM is decreased during acidosis.
A more likely explanation for the decreased Pi uptake by
20 BBM vesicles from acidotic rats is one that is consistent with
our recent hypothesis for the cellular regulation of BBM
transport of Pi [12]. Namely, metabolic acidosis stimulated the
rate of gluconeogenesis in renal proximal tubules which, in
turn, increased the NAD content of cytoplasm, by changing
the cytoplasmic NAD/NADH ratio, providing more cytoplas-
mic NAD for interaction with the BBM and inhibition of Pi
transport across the BBM. In support of this explanation are the
findings in acidotic rats of an increased rate of gluconeogenesis
in renal-cortical slices and an increased NAD/NADH ratio
measured both in freeze-clamped kidneys and in snap-frozen
renal cortex, without a change in total NAD content. A similar
change in the NAD/NADH ratio in the renal cortex of acidotic
animals was reported by other laboratories [35, 361, and there is
a close correlation between an increase in the cortical NAD/
NADH ratio and a decrease in Pi transport by BBM vesicles
[121.
In this study NAD levels were measured in whole kidney
cortex which contains structures other than proximal tubules.
However, because the majority of the renal cortical mass is
accounted for by proximal tubules [37], measurement of corti-
cal NAD approximates the NAD content of proximal tubules.
More than 75% of NAD in renal cortex is localized in the
cytosol [12], and an increase in renal cortical NAD, following
stimulation of gluconeogenesis in vitro, was shown to reflect an
increase in NAD in cytoplasm [15]. Taken together, these
findings indicate that direct measurement of NAD and NADH
in renal cortex reflects the levels of these nucleotides in the
Incubation time, mm
Acidotic (r 1 .00)
—i——
ntroIs (r = 0.99)
—20 10
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Table 2. Gluconeogenesis in renal cortical slices from control and
acidotic ratsa
Glucose production,
p.mol/g wet weight/hr
Controls Acidotic
Basal rate (no substrate added) 0.38 0.06 0.72 0.16
a-Ketoglutarate added
Total rate 7.51 1.17 15.09 186b
Increase over basal 7.13 1.13 14.36 1.76"
a Values are mean SEM of nine rats in each group.
b Values are significantly different compared to controls (P < 0.005,
group I test).
cytoplasm of proximal tubules. The changes in the cortical
NAD/NADH ratio are interpreted qualitatively as indicating
only the direction of changes in the redox state of the cytoplas-
mic NAD couple. The data do not allow a distinction to be
drawn between the free and protein-bound pools of cytoplasmic
NAD. It has been proposed [38] that the free NAD/free
NADH ratio in cytoplasm can be determined from the tissue
levels of lactate and pyruvate. The validity of this indirect
approach has been questioned [391, and additional uncertainty
would arise in the present study due to the possibility that a
change in intracellular pH may occur during prolonged extracel-
lular acidosis [161. This must be considered because cytoplas-
mic [H] is one of the terms included in the equation defining
the redox state of the free NAD couple in cytoplasm [381.
How cytoplasmic NAD may interact with the BBM in vivo
to inhibit Pi transport remains to be determined in a separate
study, but on the basis of some recent data, a possible mecha-
nism can be suggested. Direct addition of NAD at a final
concentration of 0.2 m to isolated BBM vesicles from LPD
rats does not change the apparent Vmax but instead leads to
competitive inhibition of sodium gradient-dependent Pi trans-
port measured at 0.5 mm (Kempson, unpublished results). This
effect in vitro on the kinetics of Pi transport is in marked
contrast to the decrease in the apparent Vmax, without a change
in Km, which occurred in the acidotic rats (Fig. 6). The reason
for the different kinetic data from these in vitro and in vivo
studies may be that NAD in vivo does not act simply as a
competitive inhibitor of BBM transport of Pi; this interpretation
is supported by the recent preliminary report [40] that NAD
can serve as a substrate for ADP-ribosylation of the renal BBM.
ADP-ribosylation involves covalent binding of the ADP-ribose
moiety of NAD to BBM acceptor sites and might lead to a
change in the apparent V( rather than the apparent Km of the
Pi transport system. Covalent modification of the BBM in vivo
by ADP-ribosylation would readily explain why changes in Pi
transport induced in vivo are still observed when Pi transport is
measured in the subsequently isolated BBM vesicles, The
possibility that altered renal BBM transport of Pi in acidotic rats
may be attributed, at least in part, to ADP-ribosylation of the
BBM in vivo is of particular interest because NAD is pre-
ferred over NADH as the substrate for this reaction [41], and it
is the NAD form of NAD which is increased during acidosis.
It is beyond the scope of this study to determine the time
course of changes in all the different parameters during ammo-
nium chloride administration. It is important, however, to note
Table 3. Nicotinamide-adenine dinucleotides in snap-frozen renal
cortex from control and acidotic ratsa
Controls Acidotic
NAD + NADH,
(nmoleslg wet WI) 635 31 604 24
NAD
NADH
2.05 0.10 2.56 019b
NAD
NAD + NADH 0.67 0.01 0.72 002b
NADH
NAD + NADH 0.33 0.01 0.29 0.01"
a Data are mean SEM obtained from five rats.
bValues are significantly different compared to controls (P < 0.05,
group t test).
previous reports that state when rats drink ammonium chloride
there is a fall in blood pH within 24 hr [421 and an increase in the
activity of phosphoenolpyruvate carboxykinase [13, 42] which
is a major regulatory enzyme for renal gluconeogenesis [181. As
expected from these findings, an increase in glucose synthesis
in the kidney also occurs rapidly after ammonium chloride
treatment.' Thus, in this study the onset of the increase in
gluconeogenesis in ammonium chloride-treated rats accompa-
nied, and even may have preceeded, the increase in UpV which
was not significant until after 48 hr of ammonium chloride
loading. The time course of changes in Up1V is consistent with
the report of Beck [31] that in clearance studies there was an
increase in Up,V in LPD rats only during the chronic phase, not
in the acute phase, of metabolic acidosis.
In summary, stimulation of renal gluconeogenesis in LPD
rats made chronically acidotic is accompanied by an increase in
the NADINADH ratio in renal cortex and an increase in UpV.
The phosphaturia is attributed in part to reversal of BBM
adaptation to LPD, namely to a specific decrease in sodium
gradient-dependent transport of Pi across the BBM, which may
be related to the increased NAD level. A similar change in
BBM transport of Pi was reported recently [43] when renal
gluconeogenesis in LPD rats was stimulated by glucocorticoids.
These findings are consistent with, but do not prove, a possible
role for gluconeogenesis and NAD in the regulation of Pi
reabsorption across the luminal BBM of the renal proximal
tubule. More direct support for this hypothesis is provided by
recent preliminary reports of studies with isolated perfused
tubules from the rabbit which suggest that inhibition of gluco-
neogenesis leads to altered phosphate transport at least in the
later portion of the proximal tubule [44] although not in the
early part [45]. In light of these observations it should be noted
that when gluconeogenesis in the rabbit nephron was measured
as glucose synthesis, the gluconeogenic capacity along the
proximal tubule was found to be highest toward the later
portion [46].
'In an additional experiment carried out according to the protocol in
Figure 2, gluconeogenesis was measured each day in renal cortical
slices using three rats from each group and processing each rat
separately. The rate of gluconeogenesis in ammonium chloride-treated
rats was increased over controls by 36, 139, and 152% (mean value) on
days 4, 5, and 6, respectively.
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